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Real time optical diagnostics of the plume dynamics during laser ablation 
of germanium in an oxygen environment 
F. Vega, C. N. Afonso, and J. Solis 
Institutom de Optica (CSIC), Serrano 121, 28006 Madrid, Spain 
(Received 27 May 1992; accepted for publication 9 November 1992) 
The dynamics of the gas phase induced by excimer laser ablation of Ge is investigated by 
analyzing the light emitted by the plume. Space and time-resolved optical spectroscopy 
measurements indicate the presence of both, neutral (GeI) and ionized (GeII) species. Two 
populations of neutrals with different velocities, which are related to the neutral atoms directly 
ejected from the target and those which are produced by recombination of ions, are observed. 
The velocities of the species remain unchanged for oxygen pressures up to 1 mbar, which suggest 
that the expansion of the plume occurs without further collisions with the foreign gas in this 
pressure range. The spectral emission characteristics are consistent with plume dynamics 
initiated by charged species. 
INTRODUCTION 
Laser ablation has been successfully applied to grow a 
great variety of materials in thin film configuration.lU3 
Many efforts have been made to deposit complex oxide 
materials like high T, superconductors4T5 and ferroelectric 
fihns6 The structure and composition of the laser depos- 
ited films depend on, among other experimental parame- 
ters, the laser fluence and wavelength7 and the background 
pressure.s 
It has been suggested that the whole deposition process 
is highly influenced by the dynamics of the species which 
are present in the plume formed by laser ablation of solid 
targets. Several diagnostic methods like time of flight,‘-” 
resonance ionization,‘2’13 optical emission’P16 laser in- 
duced fluorescence’7’18 and resonant absorption” have 
been used to study the ablation induced plume. 
In ablation experiments using oxidized targets like 
YBaCuO, oxide molecules in the plume were found which 
were either directly ejected from the target surface or 
formed by reactions in the gas phase.20 In addition, the 
nature and velocity of the species was very sensitive to the 
presence of a foreign gas. 20-22 These features indicate the 
existence of collision processes in the plume which lead to 
the formation of oxide molecules and therefore seem to 
improve the deposition of stoichiometric films.“3 In a sep- 
arate work,24 we have shown that Ge oxide films can be 
grown by ablating a pure Ge target in an oxygen atmo- 
sphere. Since the presence of oxide compounds directly 
ejected from the target is ruled out in this case, the use of 
such a nonpreoxidated target may allow us to analyze 
whether the oxidation reaction occurs in the gas phase or 
at the substrate. 
The aim of this work is to study the dynamics of the 
plume induced by laser ablation of a Ge target in an oxy- 
gen background pressure. We will analyze the light emitted 
by the plume in real time with space and spectral resolu- 
tion in order to determine both the nature of the species 
and their velocity as they move ahead from the target sur- 
face. It will be shown that the plume is mainly initiated by 
charged species and that the velocity of both ions and neu- 
trals does not depend on the oxygen pressure. 
EXPERIMENT 
The experimental setup is similar to that previously 
used for deposition of GeO, thin films which is described in 
detail elsewhere.24V25 An ArF excimer laser [193 nm, 12 ns 
full width half maximum (FWHM)] is focused at normal 
incidence on a rotating Ge target (99,999%). The laser 
repetition rate is 10 Hz and the energy at the target site is 
0.03 J which yields to a fluence of 10 J/cm2 when integrat- 
ing the energy density profile at an intensity of 0; 1 of its 
maximum value.25 The experiments are performed both in 
vacuum (1.5X lo-* mbar) and in an oxygen pressure 
ranging from 10m4 to 10 mbar. This way we cover the 
pressure conditions which we have used previously to grow 
GeO, thin films up to the stoichiometric value (x=2) .24 
The light emitted by the plume is imaged onto the 
entrance slit of a SPEX spectrometer (wavelength resolu- 
tion 0.05 nm) by means of a lens and two mirrors resulting 
in a magnification of X4. One of the mirrors is set in a 
translation stage, allowing a well-controlled scan of the 
plume image across the entrance slit of the spectrometer. 
The tinal spatial resolution in the plume analysis is 160 pm. 
A photomultiplier ( 15 ns rise time) is connected to a box- 
car averager (Stanford SR250) for spectrum recording or 
to a fast 7912 AD Tektronix digitizer for transient emis- 
sion measurements. The wavelength interval between 200 
and 340 nm (where several emission bands of GeO mole- 
cules have been reported)26 was scanned, but no bands or 
lines which could be straightforwardly related to these 
molecules were found. In order to avoid second order con- 
tributions, we used glass optics and focused the present 
study to the 400 - 650 nm spectral range. 
As we reported in Ref. 25, a diffraction effect at the 
edge of the target surface allows us to determine precisely 
the target surface position. This will be the spatial origin 
for the space resolved emission measurements. The time at 
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BIG. 1. Emission spectrum of the plume induced by laser ablation of a Ge 
target in vacuum. Some representative lines are labelled according to 
standard tabulation. 
which the laser pulse reaches its maximum is taken as the 
temporal origin for the real time measurements. 
RESULTS 
The emission spectrum of the plume formed during 
laser ablation of a Ge target consists of several lines super- 
imposed on an intense continuum. The continuum emis- 
sion dissapears when moving 0.5 mm away from the target 
surface. At shorter distances its contribution to the spec- 
trum is ruled out by delaying the boxcar gate around 75 ns 
after the maximum of the laser pulse. Figure 1 shows the 
emission spectrum of the Ge plume recorded in vacuum 
( 1.5 X 10v5 mbar) under these experimental conditions. 
The spectrum, recorded in an oxygen atmosphere up to 1 
mbar, presents similar features. Most of the emission lines 
are identified according to standard tabulation27y28 and 
come from transitions involving neutral Ge (Gel) as well 
as single ionized Ge atoms (GeII) . However, some of the 
lines could not be attributed to any known Ge transition. 
The existence of nontabulated lines in. the recorded emis- 
sion spectra during laser ablation of group IV elements has 
been explained by the presence of excited clusters.29 The 
nontabulated lines are not observed when the experiment is 
carried out at a lower laser energy density. Table I sum- 
marizes the lines identified in the emission spectra, the 
corresponding transitions, the energy of the upper level, 
and the lifetime of the excited state taken from Refs. 27,28 
and 30. 
Each emission line is studied in real time at different 
distances from the target surface. As it has been already 
indicated, there is an intense continuum contribution to the 
transient emission at distances to the target surface shorter 
than 0.5 mm. Figure 2 shows the time evolution of this 
continuum emission recorded out of any GeI or GeII lines 
together with the emission from GeI at il=422.66 nm. The 
continuum emission intensity, which is stronger as the 
transient is recorded closer to the target surface, is formed 
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TABLE I. Emission lines which are observed in the Ge plume. The 
transitions involved, the energy of the upper transition level (Ek) and the 
lifetime of the excited state are also included. 
Specie 
Wavelength 
(nm) 
Lifetime 
(nslb 
GeI 422.66 5s ‘fl-4p ‘S” 4.96 41.6 
GeI 468.58 5s 38-4p 3, 4.67 105.0 
Gen 474.18 5d =D,-5p “ip,, 12.41 21.7 
Gen 481.46 5d 2Ds,r-5P “?in 12.41 19.6 
Gen 513.17 4f =F&-4d 2Dsn 12.44 5.0 
Geu 517.86 4f ‘I+-4d 2D, 12.44 5.0 
V %,--4d 24/z 
Gen 589.34 5p %J,~ - 5s 2Sln 9.84 11.0 
Gen 602.10 SF 2f%2- 5s 2s1,2 9.79 12.0 
%ee Ref. 27. 
bSee Ref. 30. 
‘See Ref. 28. 
by an intense peak delayed respect to the laser pulse 
around 6-12 ns and a much less intense and broader one 
delayed around 600 ns. The emission transient at 
il=422.66 nm shows clearly that two peaks are contribut- 
ing to the emission. The less delayed one behaves similarly 
to that of the continuum emission at this wavelength. The 
longer delayed (around 100 ns) and broader peak presents 
a long decay tail and corresponds to the emission due to 
the 5s’~-4~‘,So transition of GeI (see Table I). 
The real time emission intensity for GeI at L~422.66 
nm recorded at different distances to the target surface is 
plotted in Fig. 3. It is clearly seen that the less delayed peak 
(6 -12 ns) which was observed at short distances (see Fig. 
2) disappears as the distance is increased ( > 0.5 mm). At 
these larger distances only the peak which corresponds to 
the transition of GeI above mentioned is observed. Its in- 
tensity broadens and its maximum occurs later as we move 
away from the target surface. The features observed both 
in the time profiles (Fig. 2) and their evolution as a func- 
tion of the--distance from the target (Fig. 3) give us 
0 400 800 1200 1600 
TIME (ns) 
FIG. 2. Real time emission intensity recorded in vacuum and at 0.2 mm 
from the target surface: (dashed line) continuum emission recorded out 
of any identified line (a=424 nm) and (solid line) emission recorded at 
a Ger line (,l=422.66 nm). 
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FIG. 3. Real time emission intensity recorded in vacuum at a Gel line 
(A.=42266 nm) along the plume axis and at ditferent distances to the 
target surface: (-O-O-O-) 0.2 mm, (-*-*-*-) 0.5 mm, (-A-A-A-) 1.5 
mm, and (-M-B-E-) 3.0 mm. 
grounds to conclude that the less delayed peak observed in 
the emission at /2=422.66 nm for short distances is caused 
by an overlapping of the continuum emission. 
The features of the real time emission intensity tran- 
sients for Se1 taken at A=468.58 nm are qualitatively sim- 
ilar to those described above. For distances to the target 
surface shorter than 0.5 mm, no emission at this wave- 
length was observed within the experimental sensitivity. 
GeII emission lines present common features which are 
different from those described for GeI lines. Figure 4 shows 
the temporal evolution of the emission intensity at 
/2=589.34 nm at different distances from the target sur- 
face. At short distances, the emission consists of a sharp 
peak delayed respect to the laser pulse around 20 ns fol- 
lowed by a less intense, broader, and long delayed peak. 
The delay of this second weak peak is slightly dependent 
I I 
0 400 800 1200 1600 
TIME (ns) 
FIG. 4. Real time emission intensity recorded in vacuum at a Gen line 
(Ac589.34 nm) along the plume axis and at different distances to the 
target surface: (-*-*-*-) 0.5 mm, (-O-O-O-) 2.5 mm, and (-m-M-S) 
3.0 mm. 
FIG. 5. Delay between the maximum emission intensity and the laser 
pulse as a function of the distance along the plume axis. It includes results 
for Ger (Cl 422.66 nm, E 468.58 run) and Geri (A all identified lines in 
the 400-650 nm range). 
on the particular GeII emission line monitorized. A con- 
tribution from the continuum may. overlap the sharp peak 
for short distances but our temporal resolution does not 
allow us to separate it from the intense peak of GeII. Sim- 
ilarly to the GeI emission, the intensity maximum also 
occurs later and broadens as the emission is recorded along 
the plume axis and away from the target surface. 
In Fig. 5, the delay between the laser pulse and the 
emission intensity maximum for both GeI and GeII species 
is plotted versus the distance to the target surface. It is 
clearly seen that the ionized species are present in the 
plume before the neutral ones since their emission at the 
target surface is observed 20-30 ns after the laser pulse 
while that from the neutrals appears 100 ns later. In addi- 
tion the delay of the emission intensity maximum for ion- 
ized species presents a linear behavior as a function of the 
distance from the target at which the emission transient is 
recorded. For distances shorter than 0.75 mm, a higher 
dispersion is observed in the experimental values, which 
may indicate the existence of either slower moving species 
or some kind of interactions among the ionized species. 
The inverse of the slope is the most probable velocity of the 
species flying along the target normal direction. This ve- 
locity, averaged among all the lines corresponding to GeII, 
is 1.7 X lo6 cm/s, which is similar to the values usually 
reported for ionized species in other laser ablation experi- 
ments.31- 
More complicated features are found in the velocity 
corresponding to the GeI species. At il=422.66 nm two 
velocity components are clearly seen. A fast component is 
predominant at distances to the target surface shorter than 
0.75 mm corresponding to a velocity of 2.9 X lo6 cm/s. At 
larger distances only a slow component is observed, which 
corresponds to a velocity of 6.2X lo5 cm/s. The latter 
value is again in the order of magnitude of those typically 
reported for neutral species in laser ablation experiments.32 
The emission at d=468.58 nm exhibits only the slow com- 
ponent. 
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FIG. 6. Delay between the maximum emission intensity and the laser 
pulse as a function of the oxygen pressure and for different distances along 
the plume axis: Cl 1.5 mm,  q 2 m m  for Ger (;1=422.66 nm), and A  1.0 
mm,  A  2 m m  for Geu (A=589.34 nm). 
The influence of the oxygen pressure in the plume dy- 
namics is studied by measuring the delay of the emission 
intensity at different distances along the plume axis as a 
function of the oxygen pressure for each identified line. 
Figure 6 shows the results for GeI (1=422.66 nm) and 
GeII (/2=589.34 nm) species. There is no change in the 
delay of the emission maximum when the oxygen pressure 
is increased up to 1 mbar. Although the results plotted in 
Fig. 6 correspond to only two of the emission lines, the 
same behavior is observed for all the lines found in the 
emission spectrum plotted in Fig. 1. According to what 
was discussed from Fig. 5, the velocity of the emitting 
species, both neutrals and ionized, remains constant in the 
presence of an oxygen environment in this wide oxygen 
pressure range. 
DISCUSSION 
The results are evidence that then species observed in 
the laser induced plume of Ge follow a complex dynamics. 
The observed emission features including the weak influ- 
ence of the oxygen pressure, the faster velocity, and lower 
delay emission of the ionized species and the two velocity 
components in one of the neutral Ge emission lines, are the 
key to understanding the initial steps of the plume forma- 
tion. 
It has been reported that the irradiation of Ge with an 
ArF excimer laser induces a large emission of both elec- 
trons and ions from the target surface even at laser fluences 
just below the melting threshold.33 Our results are in agree- 
ment with the presence of charged species at the early 
stages of the plume formation. Taking into account the 
delay associated with the continuum emission (6-12 ns) 
and the laser pulse width ( z 12 ns), it can be established 
that free electrons are able to be excited by absorbing some 
energy from the laser pulse itself via inverse bremsstrah- 
lung. The intense continuum emission observed in the 
neighborhood of the target surface is then a consequence of 
free-free and free-bound electronic recombination.34 These 
excited electrons would induce the species emission 
through collisions. The earlier species in the Ge plume 
have to be mainly charged ones (electrons and ions) in 
agreement with the lower emission delay time measured 
for those species. This conclusion is further supported 
when the lifetime of the excited state (Table I) and the 
time at which the maximum intensity emission occurs at 
the target surface (Fig. 5) are compared. Both times are 
similar in the case of ions, whereas the former is shorter 
than the latter in the case of neutrals. 
The evolution of the emission transients for GeI at 
A=422.66 nm as the emission is recorded ahead of the 
target surface shows the existence of two populations of 
neutrals which move at different velocities (Fig. 5). Sev- 
eral mechanisms for a two component velocity distribution 
have been proposed. The fast neutral species can be origi- 
nated either by fast ions that recombine in the neighbor- 
hood of the target surface or by atoms directly ejected from 
the target.31 Since both processes are more likely at short 
distances, the fast species should dominate the emission 
near the target surface as we observe experimentally. The 
analysis of the delay of the emission intensity maximum 
suggests that the fast neutral population is more likely re- 
lated to neutrals which are directly ejected from the sur- 
face, whereas the slow neutral population is produced from 
the recombination of ions. 
For the emission at /2=468.58 nm (GeI) the lifetime 
of the excited state (105 ns) is of the same order of mag- 
nitude as the full width half maximum of the emission 
transients ( 120 ns at 0.5 mm). Then GeI species excited to 
the 5s3fl state are able to travel a measurable distance 
between excitation and emission, which may justify that no 
emission at d=468.58 nm could be recorded at distances 
from the target surface shorter than 0.5 mm. 
Finally, the velocity of the species in the plume re- 
mains constant up to 1 mbar oxygen pressure, which indi- 
cates that the interactions with the foreign atoms in the gas 
phase should be weak. Moreover there is no evidence of 
new emission lines when the spectrum is recorded in an 
oxygen environment which supports further that no new 
species (i.e., oxides) are formed in the plume.20 Only at 
oxygen pressures higher than 1 mbar, will the delay of the 
emission begin to increase, indicating that the dynamics of 
the plume become more complex.21P22 The laser-generated 
plasma has been modeled as a high pressure-temperature 
gas which expands anisotropically in vacuum.35 It has been 
shown that in the presence of a gaseous background for 
pressures typically below 1 mbar, the plume expansion is 
similar to a free expansion in vacuum since the mass of the 
ablated products is large compared to that of the driven 
gas. 22*36,37 This condition applies in our case and can ac- 
count for the nondependence of the species velocity on the 
oxygen pressure and therefore the absence of reactions in 
the gas phase. At higher background pressures, shock 
waves38 are produced and the plume expansion becomes 
affected by the gaseous background36’39 according to our 
experimental results (see Fig. 6). A comparison of the 
present results with those reported elsewhere,24 which 
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shows that stoichiometric GeO, films are grown for oxygen 
pressures higher than lop3 mbar, evidence that the incor- 
poration of oxygen in the Ge oxide films is mainly due to 
reactions at the substrate. 
CONCLUSIONS 
The plume induced by irradiating a Ge target in an 
oxygen environment with an ArF excimer laser is initiated 
by the emission of charged species (electrons and ions). 
Two populations of neutrals with different velocities are 
observed. The fast species, both neutral and ionized, are 
produced by direct ejection from the target whereas the 
slower species (neutrals) could be originated by recombi- 
nation of ions. The velocity of the species is determined by 
the initial expansion conditions and remains constant un- 
der the presence of an oxygen pressure ( < 1 mbar). The 
expansion of the plume is collisionless with the foreign 
oxygen atoms or molecules in this pressure regime. 
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